To develop a mild method for the conversion of an alkyl C-H bond to an alkyl C-N bond, we focused on reactions of the hypervalent iodine reagent **1** containing an azide unit ([Fig. 1](#F1){ref-type="fig"}). Such a reagent is related to hypervalent reagents commonly used for oxidation,^[@R20]^ and is thermally stable (up to 130 °C).^[@R21]^ It has sufficient thermodynamic potential to convert alkyl C-H bonds alkyl azides, but the published reaction is limited to simple hydrocarbons, typically used in excess amounts, or activated C-H bonds at high temperatures in the presence of radical initiators. Thus, the current reactions of this reagent are not suitable for late-stage functionalization of complex molecules.^[@R21]^ If an appropriate transition metal catalyst for C-H bond functionalization with this hypervalent iodine reagent could be identified, then C-H bond amination reactions that incorporate an azide into complex molecules with site selectivity could be devised. Previously, iron and manganese porphyrins were reported to form alkyl azides from sodium azide and iodosobenzene or *t*-BuOOH as oxidants, but the reactions were limited to hydrocarbons, excess of the alkane (10 equiv) was required, and formation of the corresponding alcohol was a major by-product.^[@R22]-[@R24]^

To identify a metal complex that would catalyze the azidation of C-H bonds with **1** under mild conditions, we investigated the reaction of cis-decalin. Various metal complexes, including metal-porphyrins, were tested as catalyst with the hydrocarbon as limiting reagent; only iron complexes provided measurable yield of azide product (yield \<5%) at 23 °C ([SI, Table S1](#SD1){ref-type="supplementary-material"}). Combinations of Fe(OAc)~2~ and various bi-, tri- and tetra-dentate nitrogen ligands (**L1** -- **L5**), including those that catalyze the selective hydroxylation of aliphatic C-H bonds (**L1** and **L3**),^[@R25],[@R26]^ provided low yield of the product **3a** ([Fig 1](#F1){ref-type="fig"}, 3-11%). However, substantial yields of **3a** were observed with iron complexes of oxazoline-derived ligands, particularly with those possessing larger N-Fe-N "bite" angles (**L6**-**L9**). Finally, we found that reactions of iron complexes containing tridentate nitrogen ligands of the pybox family (**L10** and **L11**) provided product **3a** in good yield with high selectivity for reaction at a tertiary C-H bond (75%, 4.3:1 ratio of diastereomers). Reactions conducted in ethyl acetate (EtOAc) with the catalyst containing ligand **L11** proceeded in good yield and higher *trans*:*cis* selectivity (65%, 6.3:1, [SI, Table S2](#SD1){ref-type="supplementary-material"}). Reactions in acetonitrile were faster, but occurred with lower selectivity. Reactions in a mixture of EtOAc and water (5:1) occurred similarly to those in pure EtOAc (63%, 6:1).

The azidation of the C-H bond of a series of hydrocarbons occurred in excellent yields with high selectivity for a tertiary C-H bond over the secondary and primary C-H bonds ([SI, Table S3](#SD1){ref-type="supplementary-material"}), setting the stage for azidation of the tertiary C-H bonds in molecules containing a series of functional groups. The azidation reaction with derivatives of dihydrocitronellol containing two electronically distinct tertiary C-H bonds and many secondary C-H bonds is shown in part A of [Fig. 2](#F2){ref-type="fig"}. These reactions revealed the inherent electronic selectivity of the azidation reaction and its functional group compatibility. The C-H bond azidation was selective for reaction at the more electron-rich, remote, tertiary C-H bond resulting in good isolated yields of the pure major isomers formed by the reaction ([Fig. 2](#F2){ref-type="fig"}, **3k**-**3q**). The regioselectivity of azidation at the two electronically distinct tertiary C-H bond was influenced by the distance of the electron-withdrawing group from proximal tertiary C-H bond (**3k** and **3l**). In these cases, the regioselectivity of the C-H bond azidation reaction mirrors the regioselectivity of a wide range of oxidation reactions.^[@R27]^ Functional groups such as an alcohol protected as an acetoxy group (**3k** and **3l**), a bromide (**3m**), a nitrile (**3m**), an ester (**3o**), a carboxylic acid (**3p**), and an amide (**3q**), were tolerated. Functional groups like carboxylic acid (**3p**) and an amide (**3q**) that could act as directing groups, influenced the selectivity by their electronic properties, rather than by coordination to the catalyst. This higher reactivity of more electron-rich C-H bonds was also observed for cyclic structures. 4-*iso*-propylcyclohexanone underwent azidation with high regioselectivity for the more electron-rich of the two tertiary C-H bonds (**3r**). Investigation of the reactions of substituted arenes showed that tertiary and secondary benzylic C-H bonds were functionalized selectively in the presence of primary benzylic C-H bonds (**3s** and **3t**).

Having revealed high regioselectivity for the C-H bond azidation, we assessed the potential of this reaction for azidation of the C-H bonds in more complex scaffolds containing several functional groups and strained rings that could react over the C-H bonds ([Fig 2, B](#F2){ref-type="fig"}). Cyclic ketones prepared from (−)-carvone underwent azidation at the tertiary C-H bond remote from the ketone with high regioselectivity. These reactions occurred in the presence of epoxides, aziridines and cyclopropanes in good isolated yields (**3u**-**3w**). Minor azidation products were also observed by gas chromatography--mass spectrometry. These products were formed in amounts too small for isolation and were not characterized. A mixture of diastereomers of *α*-dihydropinene (5:1) containing three electronically similar, but sterically distinct, tertiary C-H bonds reacted to give 80% isolated yield of a single isomer of azide **3b** at room temperature. The strained four-membered ring was tolerated, suggesting a fast recombination of the likely radical intermediates. Acetoxymenthol containing two electronically similar tertiary C--H bonds reacted preferentially at the *iso*-propyl side chain to provide one major constitutional isomer in moderate isolated yield (**3x**). This selectivity, presumably, results from the greater conformational flexibility of the isopropyl side chain. Isomeric products from azidation of a different C-H bond were observed as minor products; again, these products could be diastereomers formed from azidation of the other tertiary C-H bonds.

Unlike the stereoretentive property of the metal-catalyzed insertions of nitrenes or carbenes into C-H bonds,^[@R8],[@R9],[@R28]^ the configuration of the carbon bound to the azide is independent of the configuration in the reactant. However, this stereochemical outcome of our reactions allows us to use mixtures of diastereomeric reactants ([Table S3](#SD1){ref-type="supplementary-material"} and [Fig 2](#F2){ref-type="fig"} **2b, 5**) to provide one major diastereomer of the azide product (vide infra).

Biologically active molecules containing multiple benzylic and tertiary C-H bonds also reacted selectively. Podocarpic acid and its derivatives have been reported to exhibit a wide variety of biological activities, including antileukemic activity, inhibition of plant cell growth, and anti-inflammatory properties. A podocarpic acid derivative underwent selective azidation at the benzylic C-H bond in high yields and good diastereoselectivity (**3y**). Similar selectivity was also observed for the azidation of an estrone (**3z**).

The reaction of a gibberellic acid derivative illustrates the ability to conduct the azidation of complex structures ([Fig. 2, C](#F2){ref-type="fig"}). Gibberellic acid is a plant hormone that regulates growth and influences developmental processes including cell elongation and germination. The gibberellic acid derivative (**5**) is a pentacyclic diterpene containing four tertiary C-H bonds. Based on the data just presented, the most electron-rich and sterically least hindered tertiary C-H^[@R4]^ bond should react selectively. In addition, the stereochemical outcome of the azidation of *cis*- and *trans*- decalin and *α*-dihydropinene ([Table S3](#SD1){ref-type="supplementary-material"} and [Fig 2, B](#F2){ref-type="fig"}) suggested that the configuration of the reactive center (C-H^[@R4]^) in substrate **5** would have a negligible influence on the diastereomeric ratio of product **6**. Indeed, the azidation of a mixture of diastereomers of **5** provided the corresponding azide **6** as a single isolated diastereoisomer in 75% yield ([Fig. 2, C](#F2){ref-type="fig"}) from *exo*-attack of the azide unit at the reactive carbon.

Finally, we also tested functionalizations of the complex scaffolds in parts B and C of [Fig 2](#F2){ref-type="fig"} by the reactions initiated with benzoyl-peroxide. In all cases, poor yields and selectivities were observed from the reactions initiated by the peroxide. The yields of the products from reaction of the substrates in [Fig 2, B](#F2){ref-type="fig"} were low in all cases and formed mixtures of isomeric products with poor selectivity. In addition, gibberellic acid derivative (**5**) decomposed to form a complex mixture of products in the presence of azide **1** and the peroxide. This distinct reaction course in the presence and absence of the iron catalyst suggests that the C-N bond is formed by two different processes in the two systems and underscores the importance of the iron catalyst to create a reaction that is suitable for late-stage functionalization of complex molecules.

Although detailed mechanistic studies have not yet been conducted, several observations reveal the general features of the mechanism. The site selectivities and stereochemical outcome of the azidation of *cis*- and *trans*-decalin and *α*-dihydropinene strongly suggest that a tertiary alkyl radical is generated ([Table S3](#SD1){ref-type="supplementary-material"} and [Fig 2, B](#F2){ref-type="fig"}). Attempts to use radical clocks to assess more directly a potential alkyl radical were hampered by the poor reactivity of the appropriate substrates (see [SI](#SD1){ref-type="supplementary-material"} for more details), but the proposed radical intermediate is consistent with the selectivity for azidation of the more electron-rich, less polarized, and thus weaker, tertiary C-H bonds ([Fig. 2](#F2){ref-type="fig"}).^[@R27]^ Furthermore, addition of 1 equiv of BHT and TEMPO, which are known to quench radicals, resulted in complete inhibition of the azidation reaction ([Table 1](#T1){ref-type="table"}, entries 1 and 2). Finally, the KIE for azidation of ethylbenzene and ethylbenzene-*d*~10~ in separate vessels from initial reaction rates was observed to be 5.0±0.3, implying that the cleavage of C-H bond is the overall turnover-limiting step.

To assess the role of the iron catalyst for this transformation, we compared the iron-catalyzed azidations of the complex scaffolds in parts B and C of [Fig 2](#F2){ref-type="fig"} with the reactions initiated by benzoyl-peroxide. In all cases, poor yields were observed from the reactions initiated by the peroxide. Of the product formed, the selectivities were distinct from those of the iron-catalyzed product. In addition, the diastereomeric ratio of product **3a** formed from decalin and azide **1** in the presence of catalytic iron and an organic radical initiator at the 80 °C required for the peroxide-initiated process ([SI, Table S1](#SD1){ref-type="supplementary-material"}) gave distinct ratios of the *cis*- and *trans*- decalin products ([Table 1](#T1){ref-type="table"}, entries 3-6). These differences in selectivities are all consistent with a different species forming the C-N bond during the iron-catalyzed reaction and the radical-initiated process. One possibility is that the C-N bond is formed by reaction of an alkyl radical with an iron azide intermediate.

This C-H bond azidation creates access to a range of synthetically useful functionalities attached to the original substrate by a C-N bond ([Fig. 3](#F3){ref-type="fig"}).^[@R16]-[@R19]^ The primary amine formed from the azides **3a** and **3z** containing a fully or partially substituted carbon atom (**4a** and **10**) and heterocycles, such as tetrazole **9**, form in good yields from azide **3f** ([SI, table S3](#SD1){ref-type="supplementary-material"}).^[@R29]^ The azides (**3d** and **3e**, [SI, table S3](#SD1){ref-type="supplementary-material"}) also undergo intramolecular cyclization under conditions reported recently to form various heterocycles, creating a route to nitrogen heterocycles from alkanes by two C-H bond amination chemistries (**11**).^[@R19]^ Finally, the azide functionality undergoes Huisgen cycloaddition reactions. For example, an alkyne tethered to a fluorescent tag coupled with azido gibberilic acid derivative **6** and an alkyne attached to biotin coupled with azido podocarpic acid derivative **3y**. These reactions illustrate how azidation and cycloaddition can create bioconjugation methods for visualization and identification of cellular targets of biologically active natural products.^[@R30]^

Much development of this C-H bond functionalization method remains, but a wide range of applications and extensions of the azidation reaction can be envisioned. The modularity of the catalyst creates further opportunities for site selectivity, and the stereochemical content of the ligand creates the potential for enantioselective azidation. The cycloadditions of azides could make possible conjugation to antibodies, and the simple reduction of the azide and tolerance of the reaction to water creates the potential to intercept biosynthetic sequences and install an amino group in place of a hydroxyl group in the final stages. Finally, we anticipate that this process will spur development of new classes of catalysts for the azidation of C-H bonds that could occur by distinct mechanisms with distinct selectivities for primary, secondary, and tertiary C-H bonds. As rhodium-catalyzed amination reactions develop further, the two classes of systems for C-H bond amination should begin to provide a set of tools for incorporation of nitrogen atoms that parallels the existing set of tools for the chemical and enzymatic oxidation of C-H bonds.
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![Development of a catalyst for the azidation of aliphatic C--H bonds.\
*^a^* Conditions: 10.0 mol % Fe(OAc)~2~, 11.0 mol % ligand, cis-decalin (0.2 mmol, 1.0 equiv) and **1** (0.4 mmol, 2.0 equiv), 23 °C. The yields and the ratios of isomers were determined by gas chromatography (GC) analysis with dodecane as internal standard and not corrected for response factors of minor isomers. *^b^* The relative configuration of the major diastereomer of **3a** was confirmed by X-ray crystallographic analysis of **4a**.](nihms645632f1){#F1}

![Evaluation of the effect of the steric and electronic environment on site selectivity for the azidation of aliphatic 3° C--H bonds.*^a^*\
*^a^* Conditions: 10.0 mol% Fe(OAc)~2~, 11.0 mol% ligand, Substrate (0.2 mmol, 1.0 equiv.) and **1** (0.6 mmol, 3.0 equiv), 23 °C. Isolated yields of major azide products are reported unless mentioned otherwise. The ratios of isomers were determined by gas chromatography (GC) analysis with dodecane as internal standard and not corrected for response factors of minor isomers. *^b^* Conditions: 10.0 mol% BzOOBz, Substrate (0.2 mmol, 1.0 equiv.) and **1** (0.6 mmol, 3.0 equiv), 23 °C and DCE (0.5 ml) as solvent. The yield and ratios of isomers were determined by gas chromatography (GC) analysis with dodecane as internal standard. *^c^* EtOAc was used as solvent *^d^* diastereoselectivity was measured by ^1^H NMR of crude reaction mixture. *^e^* Unidentifiable mixture of products.](nihms645632f2){#F2}

![Introduction of a series of nitrogen-containing functionalities *via* C-H bond azidation.\
*^a^* Azide (1.0 equiv), \[Fe cat.\], Fmoc-OSuc, 65 °C, benzene, 24 h;^[@R16]^ *^b^* BzCN (2 equiv), 130 °C, 48 h; ^c^ CuSO~4~ (10 mol%), alkyne (2 equiv), DMF, 48 h; *^d^* CuSO~4~ (10 mol%), NaBH~4~ (3 equiv), MeOH; *^e^* (1) TfOH (1.0 equiv), toluene, (2.0 equiv.) ethyl 3-ethoxyacrylate; (2) DDQ, EtOAc, 5 min;^[@R18]^ *^f^* (1) Pd/C, H~2~, MeOH; (2) Ac~2~O, DCM, 12 h.](nihms645632f3){#F3}

###### 

Experiments to evaluate the potential involvement of radical intermediates and the role of the iron catalyst in the C-H bond azidation reaction.[a](#TFN1){ref-type="table-fn"}

  ---------------------------------- --------- -------------------- ---- -------------------------------------- ---- -----
  1                                  *cis*     Fe(OAc)~2~/**L11**   23   TEMPO[b](#TFN2){ref-type="table-fn"}   3    \-
  2                                  *cis*     Fe(OAc)~2~/**L11**   23   BHT[b](#TFN2){ref-type="table-fn"}     3    \-
  3[d](#TFN4){ref-type="table-fn"}   *cis*     Fe(OAc)~2~/**L11**   80   \-                                     55   3.2
  4[d](#TFN4){ref-type="table-fn"}   *trans*   Fe(OAc)~2~/**L11**   80   \-                                     43   3.2
  5[d](#TFN4){ref-type="table-fn"}   *cis*     BzOOBz               80   ABCN[c](#TFN3){ref-type="table-fn"}    40   1.7
  6[d](#TFN4){ref-type="table-fn"}   *trans*   BzOOBz               80   ABCN[c](#TFN3){ref-type="table-fn"}    33   1.7
  ---------------------------------- --------- -------------------- ---- -------------------------------------- ---- -----

Conditions: 10.0 mol% catalyst, *cis* or *trans*-decalin (0.2 mmol, 1.0 equiv) and **1** (0.4 mmol, 2.0 equiv), 2 h. The yield and ratios of isomers were determined by gas chromatography (GC) analysis with dodecane as internal standard and not corrected for response factors of minor isomers.

1.0 equiv. was added.

1.0 mol% was added.

EtOAc was used as solvent.
